The paper proposes a novel methodology to estimate the velocity of fast moving targets using a single synthetic aperture radar sensor without increasing the Pulse Repetition Frequency. The basic reasoning is that, although the returned echoes may be aliased in the azimuth direction, its phase and amplitude are informative with respect to the moving target trajectory parameters. Based on this knowledge we built an estimator of the moving targets velocities and azimutal positions. These parameters allow focusing of fast moving targets on their correct azimuth positions.
INTRODUCTION
shows a typical Synthetic Aperture Radar ( S A R ) scenario. As the radar travels at constant velocity along the flight path (cross-range direction), short microwave pulses are transmitted at regular intervals and the corresponding echoes are recorded. High resolution in azimuth is achieved by synthesizing a large aperture, exploiting the relative motion between the platform and the ground. The ground is composed of static scatterers withreflectivity f i t , and a moving target with reflectivity f n l . If the moving target signature is processed as if it was a static one, the resulting SAR image shows it defocused and/or at wrong positions, depending on the motion direction [I] , [2, ch. 6.71 . A moving target in the azimuth direction appears blurred whereas a moving target in the range direction appears misplaced. To obtain focused and correctly positioned images of moving objects it is necessary to know the moving target velocity vector. Methods to retrieve the full velocity vector of a moving target using more than one receiving antenna have recently been published. In the recent works 171 and [ 81 these authors have shown that it is possible to infer the complete velocity vector of a moving target, using SAR data from a single sensor. Basically, we have exploited the structure of the returned echo of a point-like moving target: in the slow-time frequency domain, it is a scaled and shifted replica of the antenna radiation pattern, immersed in noise. An optimal estimator for the full velocity vector was therein presented. As in other proposed methodologies to estimate the speed of moving targets, the maximum range speed that is possible to infer without ambiguity, using a single sensor and a uniform pulse scheduling, is proportional to the used Pulse Repetition Frequency (PRF) [9] . If the signal is aliased (the induced Doppler shift exceeds PRF/2), it has been accepted that the true moving targets velocity cannot be uniquely determined. To resolve such targets, the obvious solution consists in increasing the PRF [9] . An alternative solution using non-uniform PRF was proposed in [ 101. PRF increasing leads both to an increase in the memory requirements to store the received signal and to a decrease of the maximum unambiguous range swath. The use of non-uniform PRF needs a non-conventional pulse scheduling. Moreover, non-uniform sampling introduces complexity in image reconstruction algorithms. In this paper we propose a novel methodology to estimate the true velocity and correct position of fast moving targets using a single antenna without increasing the PRF. The basic reasoning is that, although the signal may be aliased in the azimuth direction, its phase and amplitude are informative with respect to the moving target trajectory parameters. Based on this knowledge an estimator will be derived to retrieve the moving targets velocities and corresponding positions. When the radar is positioned at coordinate y = U', the corresponding received echo from a moving target, after quadrature demodulation and pulse compression, is
PROPOSED APPROACH
is the antenna radiation pattern (it is assumed that the dependency of a(u, z) on z is negligible and that there are no pointing errors of the antenna' ); functionp,(z) denotes the compressed emitted pulse in the range direction,
IC0
27r/X0 is the wavenumber at wavelength XO, and T ( U ' ) is the distance between the platform and the moving target, given by
(1)
can be written as
(2)
Approximating T ( U ) by a series expansion about U = 0, and retaining only the terms through the quadratic, results
.-,i
where TO = d m . If we could estimate $, then we could compute S(U, z = TO + $ ( U ) ) , leading to 'For clearness of the exposition we considered no pointing errors of the antenna. If pointing errors are present and known, they can easily be included in the proposed approach.
where Ay models an error on yo. Since p,(z) exhibits high resolution about LT = 0 then S ( U , LT) becomes clustered about z = T O , for all U, i.e., the range migration has been compensated.
Assume now that the received signal is immersed in white noise, n ( u , z ) , i.e., y(u,z) = S(U,IC) + n (u,z) .
where, 
where the mean m y = f,,,s(e) and the covariance C , = g21, and 02 is the noise power. Notice that yi = yi(0).
Therefore the density in (5) is correct only for the true 8 0 .
However, for 8 M 80, the range migration is negligible and y(8) M y(B0). Thus, we still use (5) to derive the maximum likelihood (ML) estimator of 8. After some algebra we achieve the ML estimator of 8 as
, then (6) can be rewritten as the correlation withio = %.
The proposed methodology can be summarized as follows: 1.
2.
Obtain an image focused with p = 0 and v = 1 (static ground parameters). The ground will be focused and the moving targets will appear defocused and at wrong positions. To reduce drastically the length of the search interval with respect to p one could use the methodology proposed in [ 131.
Using the results from the proposed strategy we have all the information needed to achieve a focused and correctly positioned image of the moving targets.
SIMULATION RESULTS
In this section we show some simulation results. Table 1 displays the simulation parameters.
We will start by considering a point target moving with range velocity U, = -7.959 m/s (exactly 3 times the maximum velocity imposed by the used PRF), and azimuth velocity w, = 8 m/s. The target azimuth coordinate is y7,, = 209 when the platform is at the center of the target area (U = 0). Fig. 2 presents the standard deviation of the velocity estimates. Fig. 3 plots the standard deviation of the azimuth estimates. Both graphics show the results of 64 monte-carlo trials, as function of the signal-to-noise ratio. The noise is due to the static ground superimposed on the observation vector y. The static ground was simulated as having constant intensity but phase uniformly distributed in a 2 7~ interval.
The achieved results enable both the focusing of the moving target and its repositioning with high accuray for S N R = -9dB. For SNR below that value the azimuth uncertainty estimation is severely degraded and the target can no longer be correctly positioned. Table 2 . Estimation results for three types of targets ( S N R = OdB). All the targets move with range speed of -7.959mls and azimuth speed of 8m/s. The range speed is three times the maximum imposed by the used PRF.
Target type
7
Our second experiment consists on applying the proposed estimator for an extended moving target with homogeneous reflectivity. The velocity parameters are those of the previous experiment. A degradation is expected to occur because all the theory was developed for point-like targets. The estimation results are presented in Table 2 . Although the range velocity estimation is good, the cross-range speed has an error of 4,2 m/s and the azimuth positionis retrieved with an error of 28 m. The velocity estimates enable us to retrieve a focused image of the moving target, however it cannot be correctly positioned in the image.
The last experiment consists in repeating the previous simulation but with an extended moving target which exhibits a predominant scatterer (10dB above the average reflectivity). The results are expected to enhance as the predominant scatterer will provide the estimator with data which partly behaves as a point-like target. The estimation results of both the velocity and azimuth position have improved and are also presented in Table 2 . For illustration purposes, the likelihood function of 8 is sketched in Fig. 4. 
FINALREMARKS
In this work we presented a novel methodology to estimate the true velocity of moving targets with range velocity which induces a Doppler shift in the slow-time frequency domain beyond the maximum imposed by the pulse repetition frequency. We have also shown that it is possible to retrieve the true position where the moving target should be imaged. Using the retrieved parameters the moving target can be focused and positioned correctly in the reconstructed target area. Good results where shown for point-like moving targets. The proposed technique also works well for extended targets, provided that they exhibit some predominant scatterers. When this does not happen, degradation may occur in the azimuth velocity and the azimuth position estimations. A direction to exploit in the future is the identification and modeling of extended moving targets.
